Capacity (mAh/g) Fig. 9 Voltage, V 1-3 For example, LiFeO has been prepared by ion eXchange from C-NaFeO, but it is metastable and leads to poor battery performance4. C.-Fe0OH (Akaganeite) is an iron oxy-hydroxide that has also been studied 5). Although it has an attractive open Structure with large tunnels, the lithiation process occurs at low voltage with poor recharge ability performance. From these two examples, Several authors have related these results to an antagonist change of the bond structure of Fe"/Fe" and Fe"/Fe'" redox couples within the O based oxide materials. Indeed, Fe"/Fe" redox energy tends to lie too far below the Fermi level of a lithium anode. On the contrary, Fe"/Fe'" tends to lie too close to it, which lowers the Voltage to a non-useful limit. To reduce the margin of this antagonist effect, Goodenough et al. introduced phosphorus within the iron oxide family in order to reduce the covalency of the Fe-O bond, which faces a strongly covalent P-O bond. Therefore, they inves tigated Several phosphate materials like nasicon LiFe(PO), and olivine LiFePOL2-3). Since then, iron based phosphate materials are gaining much attention as positive active materials for consumer batteries.
0005 Lithium extraction from LiFe"PO (olivine) gives rise to Fe'PO orthophosphate where the Fe?"/Fe" redox couple occurs at a constant Voltage, 3.5V. The theoretical capacity is 170 mAh/g, with 160 mAh/g capacity available experimentally. Discharged and charged positive active materials, LiFePO and FePO, respectively, have the same Structural arrangement, i.e. same Space group and close crystalline parameters, leading to a very good Stability of the System during the electrochemical cycling process. This Aug. 12, 2004 stability is not altered by Fe" ion generation, which is not the case when highly oxidizing Ni" ions are involved during the charge of LiM"O (M=Ni, Co) layered material.
In addition, the cutoff voltage 3.7 V is not so high as to accelerate electrolyte degradation. LiFePO is an inexpen Sive material, nontoxic, and environmentally benign. For these reasons, olivine Seems to be an attractive positive active material that could provide Stable capacity and excel lent calendar life.
0006 Olivines, such as LiFePO, are insulating materi als, which Seriously limits rate capability. Therefore, exten Sive work is in progreSS targeting the improvement of electronic conductivity by using carbon composite tech niques, like carbon gel and Sugar processes. So far, to get the desired conductivity, a conductor Such as at least 15% of carbon additive has been needed to be mixed with the olivine active material. Unfortunately, the carbon is inactive, not contributing to the battery capacity. The challenge is to improve Significantly the electronic conductivity and rate capability of the olivine using a reduced carbon ratio So as to minimize capacity loSS and decreased energy density due to the inactive carbon. Like olivines, nasicons are insulating materials, with the same challenge to improve conductivity and rate capability using a reduced carbon ratio to minimize initial capacity loSS and decreased energy density. SUMMARY 0007. A method for coating olivine with carbon is dis closed, comprising the acts of exposing olivine to a carbon Source gas in a furnace; and heating the carbon Source gas to deposit carbon on the olivine. Olivine is represented by the formula, LiFe MPO, wherein M is chosen from the group consisting of Mn, Co, Ti, and Ni; and 0sxs 1. The carbon Source gas generally decomposes between 100 C. and 1300 C. to generate carbon material and may be chosen from acetylene, butane, 1-3 butadiene, 1-butene, Cis-2-butene, Trans-2-butene, 2-2 dimethylpropane, ethane, eth ylene, isobutane, isobutylene, methane, propane, toluene, propylene, and mixtures thereof. The carbon Source gas may be mixed with an inert gas, which may be chosen from the group consisting of nitrogen, helium, argon, and mixtures thereof. The furnace may be a fluidized bed furnace, a rotatory furnace, or a Static furnace. 0008 Also disclosed is carbon coated olivine made by the process of exposing olivine to a carbon Source gas in a furnace, and heating the carbon Source gas to deposit carbon on the Surface of olivine and inside the olivine particles via its pores. The amount of coated carbon is <15 wt %, and preferably about 4 wt % or less. 0009. Also disclosed is a battery, preferably a secondary battery, comprising: a positive electrode comprising the carbon coated olivine material; a negative electrode; and an electrolyte. AS examples, the negative electrode may com prise lithium metal, graphite, other carbon, CuSns, Cu2Sb, MnSb, other metal alloys, Li Tis O, Silica alloys, and mixtures thereof The electrolyte may be a nonaqueous electrolyte and may comprise a Salt dissolved in a Solvent comprising at least one linear or cyclic carbonate. AS examples, the salt may be LiPF, LiBF, Li-methide, Li imide, LiCIO, LiASF, LiCFSO, Li(CFSO)N, Li(CFSO)C, LiN(SOCF), lithium alkyl fluorophos phate, lithium bis(chelato)borates Such as lithium bis(OX US 2004/O157126 A1 alato) borate (LiBOB), and mixtures thereof, with LiBOB being preferred where Safety is a concern. 0.010 The techniques and structures for improving con ductivity of olivine that are discussed herein also can be applied to nasicon. Likewise, carbon coated nasicon made by the process described herein can be used in place of carbon coated olivine in the battery disclosed herein. Nasi con is represented by the formula, ABCXO), wherein A is chosen from the group consisting of Li, Ag, Cu, Na, Mn, Fe, Co, Ni, Cu, and Zn; B is chosen from the group consisting of: Ti, V, Cr, Fe, and Zr; X is chosen from the group consisting of: P, S, Si, W, Mo; and n is between 0 and phate, and lithium carbonate, which was added to a mixture of resorcinol-formaldehyde in the appropriate proportions. The precursors were mixed by ball milling in acetone overnight. The obtained gel was first dried at 60° C. under Vacuum, and then thoroughly reground, before being heated under purified nitrogen gas flow for 24 h at 700° C. The amount of carbon in the composite was 15% by weight.
X-ray diffraction (XRD) confirmed that, even mixed with carbon, the composite has the structure of LiFePO. The main difference between our adopted method and the Nazar process is that the Nazar process involves first preparing the carbon gel using the process of Pekela et al. 7 and then mixing it with the Starting raw materials used to prepare LiFePO. Note that in the Pekela process, the use of sodium carbonate (Na,CO) is necessary during the gel formation, which means that Several wash operations are needed to extract water and Sodium carbonate from the gel before its utilization. While either our process or that of Nazar may be used to provide the olivine positive active material for lithium ion batteries, our proceSS is preferred because it is easier and provides at least comparable electrochemical performance. Indeed, these processes are hard to Scale up because of the numerous Steps involved during the prepa ration of the material and the cost of the organic materials that are used to make the carbon gel, which will Surely have an impact on the cost of the final material. To overcome this problem, Some laboratories are using Sugar as a carbon Source but the performance of the resulting material is Similar to the carbon composite 8,9,14. Also, to get good electrochemical performance of the olivine composite used by those laboratories, the olivine should have at least between 12 to 15% of carbon on it, which is about the same ratio used when Simply mixing carbon additive using a method well known in the art. Using this traditional Simple mixing method, the final material is inhomogeneous in shape and size, regardless of the mixing time, which may be due to the nature of carbon gel that tends to form aggregates of carbon leading to inhomogeneous microdomains. Refer ences are available for more information about the most recent technological progreSS on LiFePO positive electrode material 8-15). 0030) Carbon Coating Technology (CCT) 0031. In the present invention, a very simple technique is used that can be Scaled up easily. A preheated reactor furnace containing olivine material is fed with a carbon Source gas, which may be mixed with an inert gas to improve Safety and facilitate controlling the carbon deposition rate. The carbon Source gas is any carbon-containing gas that decomposes at a predetermined temperature to generate carbon material. It may comprise propylene, acetylene, butane, 1-3 butadiene, 1-butene, Cis-2-butene, Trans-2-butene, 2-2 dimethylpro pane, ethane, ethylene, isobutane, isobutylene, methane, propane, toluene, or the like, or mixtures thereof. The inert gas, if used, may comprise nitrogen, helium, argon, or mixtures thereof. 97% nitrogen and 3% propylene, by weight, at 700 C. is the preferred gas mixture and tempera ture. The speed of the flow (N:CH) and the time of the reaction are estimated depending on the expected olivine/ carbon ratio. The cracking process of propylene Starts at around 400° C., and synthesis of LiFePO occurs at 700° C.
Therefore, the temperature for coating olivine may be cho Sen to be between 400° C. and 700° C. Note that the ratio of N to CH can also vary from the 97.3 used. A mixture of two or more carbon Source gases may be used, and each may have a different cracking temperature. Also, this technique may be used to carbon coat other electrode materials besides olivine, and may use a high coating temperature, Such as up to 1300 C., due to the materials' ability to withstand higher temperatures. For example, natural graphite could be coated at high temperature. On the other hand, lower temperature carbon coating, as low as 100 C. can be used to deposit coatings made from low temperature cracking materials. Other examples of positive active materials that may be coated to improve conductivity include LiCoNiAIO, LiCo, 3NiaMn2O2, LiNi2Mn2O2, LiNiCo.2O2, and LiFeMnO. 0032. Using the gas phase coating technique, before the decomposition, propylene gas is in contact not only at the Surface of olivine particles, but also penetrates the pores of the particles. The resulting deposition of carbon within the pores creates a conductive pathway inside the particles of the olivine itself, thereby increasing overall conductivity. 0033 Experiment 0034) LiFe"PO, composite material was prepared by a Solid-state reaction comprising a mixture of iron(II) oxalate Fe(CO)2H2O, ammonium dihydrogen phosphate NHHPO, and lithium carbonate LiCO, in the molar ratio (1:1:1). The precursors were mixed by ball milling in an acetone medium. The obtained gel was first dried at 60° C. under Vacuum, and then thoroughly reground.
0035) It was then heated under purified Ninert gas for 24 h at 700° C. The obtained powder was green-gray, indicating that most of the iron was in its oxidation state (II). The resulting material was then coated with conductive carbon layers at a nanoscale level using the CCT proceSS as explained above. LiFePO, and LiFePO/C are completely oxidized beyond 550 C., which is consistent with the plateaus seen in the thermograms of FIGS. 3 and 4. Therefore, but without intent to be limited by the validity of our theory, by coupling TGA with X-ray analysis, we propose the oxidative mecha nisms as follows:
0041 As seen in FIG. 3 , LiFePO starts to react with oxygen/air at around 230 C., below which it is quite stable. From 230 C. to 530 C., olivine is oxidized by gaining weight in two steps (A and B) and then is very stable from 530 C. to 700° C. Although the mechanisms occurring at
Step A and B are not yet fully known, an important point is that we are able to detect the formation of two phases (LiFe(PO), and Fe2O3) when LiFePO, is being com pletely oxidized. Therefore, the following oxidative mecha nism for LiFePO is proposed: To overcome this problem and in order to understand better, we separated olivine from the carbon as follows: The carbon coated olivine was dissolved in aqua regia at 80 C., and then the remaining black Suspension was filtered and dried at 200 C. The fine black powder is an amorphous material and has a lot of Similarities with conventional carbon.
004
. 5 FIG. 6 shows the TG analysis curve of this fine black powdery material run under 02 gas. In the first portion of the curve, carbon reacts with the oxygen to form carbon dioxide gas. Beyond 550 C., to our surprise, 34% of the starting weight of the material that had been believed to be carbon did not oxidize and outgas. The color of this residual material was red. The material was then analyzed by XRD which showed the presence of Li-Fe(PO) and Fe2O3, The positive active material was made of 92%(LiFePO/ C):8%PVdF. Alternatively or additionally, other binders known in the art, such as polytetrafluoroethylene (PTFE) or styrene butadiene rubber (SBR), can be used. The amount of carbon in the LiFePO/C was 3.4% and has been estimated by TGA measurements. Note that we did not use extra conductive carbon during the preparation of the positive electrode, which means that for the first time we reached a very low carbon ratio that was far less than the 15% commonly used. However, additional conductive carbon (graphite, carbon black, acetyl black, or other carbonaceous material) may optionally be used to further increase con ductivity. The electrochemical tests were carried out at room temperature and 37 C. using lithium metal as a counter electrode. The particle sizes of olivine are very Small, averaging 200 nm, the carbon layer Size is rather Smaller. in FIG. 13A , the cell having a positive electrode comprising olivine coated with carbon shows much lower impedance than either the carbon olivine composite, which contained 10% carbon, or olivine mixed with 15% carbon black. These electrodes were all made using an aluminum current collec tor.
0.058 FIGS. 13B and 13C show the impact on cell impedance of using an aluminum current collector coated with a carbon coating having a thickness of about 3 microns. LiFePO with 8% acetylene black was coated onto a carbon coated aluminum current collector and the ASI was mea sured at various depths of discharge. As seen in FIG. 13B , the ASI was greatly reduced compared to the approximately 300 ohm.cm' seen in FIG. 13A for the LiFePO with 15% carbon, even though the amount of the conductive carbon was less. In another test, 3% carbon coated LiFePO made as taught herein was coated onto a carbon coated aluminum current collector. As seen in FIG. 13C , the ASI was again reduced Significantly as compared to the approximately 100 ohm-cm seen in FIG. 13A for the Carbon coated LiFePO.
In both sets of tests, the cells were discharged at a rate of 5C using 18-Second discharge and then also tested by charging at 5C using 2-second charge pulses, which is the protocol generally used to Simulate the function of the battery in a hybrid electric vehicle. From these tests, it can be seen that providing a carbon coated aluminum current collector greatly improves conductivity for olivine, whether carbon coated Such as using the method described herein or uncoated but mixed with conductive carbon. The inventors expect a similar benefit when using the carbon/LiFePO composite on a carbon coated Substrate, or when using nasicon (carbon coated, carbon composite, or uncoated with conductive additive such as a form of carbon). The perfor mance of electrodes having low electronic conductivity active materials, Such as CF, will be greatly improved by this technique of carbon coating the Substrate. Furthermore, for very high rate applications, this technique will enhance performance of electrodes in which already conductive active materials such as silver vanadium oxide (SVO) or MnO, are used. The thickness of the carbon coating is preferably less than 15 microns, more preferably less than 10 microns, even more preferably about 3 microns or less, and most preferably less than 2 microns. The carbon coating may be applied using any Suitable process known in the art, Such as chemical vapor deposition (CVD) or by coating a paste made of carbon and a binder. 0059) Safety Evaluation 0060 FIGS. 14A-14D present Differential Scanning Calorimetry (DSC) measurements for carbon coated olivine electrode charged at 100% SOC with different electrolytes. The reactivity of this electrode with all electrolytes occurs around 260 C. In general, the reactivity of this material, Seen here as exothermic peaks, is very low when compared to that of LiMO (M=Ni, Co, or Mn) systems (not shown).
In the latter, the Structure of these layered materials is unstable at high States of charge, also the generation of highly oxidizing ions, for instance Ni", makes them very reactive with the electrolytes. Because of the structural stability of Fe"PO/C generated after the charge and also because the carbon coating plays a barrier role against reaction between the electrolyte and the electrode at the interface, the LiFePO/C is far less reactive with the elec trolytes. Our DSC measurements for the carbon coated olivine show that the heat generated with lithium bis(ox alato)borate (LiBOB) electrolyte (160J/g) is lower than that generated with the other electrolytes tested (230-240 J/g), making the LiBOB electrolyte with our carbon coated olivine a preferred choice. The solvent used in the LiBOB testing was EC: DEC. 0062 FIGS. 16A and 16B show the results of a pulsed charge characterization test of carbon coated olivine of the present invention. The test procedure began with a formation cycle, which included charging at 5 mA, then discharging at 1 mA. This was followed by Several cycles of charging and discharging. Charging was carried out at 20 mA up to 3.8 V, then at 3.8 V constant Voltage. Discharging was carried out at 1 mA, which is about C/13, down to 2.3 V. The data show that the material can be effectively charged within about 1 minute.
0063. The specific implementations disclosed above are by way of example and for enabling perSons skilled in the art to implement the invention only. We have made every effort to describe all the embodiments we have foreseen. There may be embodiments that are unforeseeable or which are insubstantially different. We have further made every effort to describe the invention, including the best mode of prac ticing it. Any omission of any variation of the invention disclosed is not intended to dedicate Such variation to the public, and all unforeseen or insubstantial variations are intended to be covered by the claims appended hereto. Accordingly, the invention is not to be limited except by the appended claims and legal equivalents. 4. The method of claim 1 wherein Said carbon Source gas is heated to between 100° C. and 1300° C. to generate carbon material.
5. The method of claim 1 wherein said carbon source gas is heated to between 400° C. and 700° C. to generate carbon material.
6. The method of claim 1 wherein Said carbon Source gas is chosen from the group consisting of acetylene, butane, 1-3 butadiene, 1-butene, Cis-2-butene, Trans-2-butene, 2-2 dimethylpropane, ethane, ethylene, isobutane, isobutylene, methane, propane, toluene, propylene, and mixtures thereof.
7. The method of claim 1 wherein Said heating
Step occurs in a furnace chosen from the group consisting of a fluidized bed furnace, a rotatory furnace, and a Static furnace.
8. The method of claim 1 wherein said carbon source gas is mixed with an inert gas.
9. The method of claim 8 wherein said inert gas is chosen from the group consisting of nitrogen, helium, argon, and mixtures thereof.
10. Positive active material made by the process of: exposing olivine or nasicon to a carbon Source gas, and heating the carbon Source gas to deposit carbon onto Said olivine or nasicon.
11. The positive active material of claim 10 wherein said olivine or nasicon comprises olivine.
12. The positive active material of claim 10 wherein said olivine or nasicon comprises nasicon. Aug. 12, 2004 13. The positive active material of claim 10 wherein said olivine or nasicon contains pores and wherein Said carbon is deposited within Said pores.
14. The positive active material of claim 10 wherein the amount of deposited carbon is <15 wt %.
15. The positive active material of claim 10 wherein the amount of deposited carbon is about 4 wt % or less.
16. The positive active material of claim 10 wherein said carbon Source gas decomposes at a temperature between 100° C. and 1300° C. to generate carbon.
17. The positive active material of claim 16 wherein said carbon Source gas decomposes at a temperature between 400° C. and 700° C. to generate carbon.
18. The positive active material of claim 10 wherein said carbon Source gas is chosen from the group consisting of: acetylene, butane, 1-3 butadiene, 1-butene, Cis-2-butene, Trans-2-butene, 2-2 dimethylpropane, ethane, ethylene, isobutane, isobutylene, methane, propane, toluene, propy lene, and mixtures thereof. 34. The battery of claim 31 wherein said carbon source gas is a gas that decomposes at a predetermined temperature to generate carbon.
35. The battery of claim 34 wherein said temperature is between 100° C. and 1300 C.
36. The battery of claim 31 wherein said carbon source gas is chosen from the group consisting of acetylene, butane, 1-3 butadiene, 1-butene, Cis-2-butene, Trans-2-butene, 2-2 dimethylpropane, ethane, ethylene, isobutane, isobutylene, methane, propane, toluene, propylene, and mix tures thereof.
37. The battery of claim 31 wherein said carbon source gas is mixed with an inert gas.
38. The battery of claim 37 wherein said inert gas is chosen from the group consisting of nitrogen, helium, argon, and mixtures thereof.
39. The battery of claim 31 wherein said electrolyte is a nonaqueous electrolyte.
40. The battery of claim 31 wherein said electrolyte comprises a Salt dissolved in a Solvent comprising at least one linear or cyclic carbonate.
41. The battery of claim 40 wherein said salt is chosen from the group consisting of LiCIO, LiPF, LiBF, LiASF, LiCFSO, Li(CFSO)N, Li(CFSO)C, LiN(SOCF), Li-methide, Li-imide, lithium alkyl fuoro phosphate, lithium bis(chelato)borate, and a mixture thereof. 55. The battery of claim 53 wherein the amount of carbon deposited on Said olivine or nasicon is about 4 wt % or less.
56. The battery of claim 53 wherein said carbon source gas is a gas that decomposes at a predetermined temperature to generate carbon.
57. The battery of claim 56 wherein said temperature is between 100° C. and 1300 C.
58. The battery of claim 53 wherein said carbon source gas is chosen from the group consisting of acetylene, butane, 1-3 butadiene, 1-butene, Cis-2-butene, Trans-2-butene, 2-2 dimethylpropane, ethane, ethylene, isobutane, isobutylene, methane, propane, toluene, propylene, and mix tures thereof.
59. The battery of claim 53 wherein said carbon source gas is mixed with an inert gas.
60. The battery of claim 59 wherein said inert gas is chosen from the group consisting of nitrogen, helium, argon, and mixtures thereof.
61. The battery of claim 53 wherein said electrolyte is a nonaqueous electrolyte.
62. The battery of claim 53 wherein said electrolyte comprises a Salt dissolved in a Solvent comprising at least one linear or cyclic carbonate.
63. The battery of claim 62 wherein said salt is chosen from the group consisting of LiClO, LiPF, LiBF, LiASF, LiCFSO, Li(CFSO)N, Li(CFSO)C, LiN(SOCF), Li-methide, Li-imide, lithium alkyl fuoro phosphate, lithium bis(chelato)borates, and mixtures thereof.
64. The battery of claim 53 wherein said negative elec trode comprises a material chosen from the group consisting of lithium metal, graphite, other carbon, CuSns, CuSb, MnSb, other metal alloys, Li Tis O, Silica alloys, and mixtures thereof.
